Seasonality in marine microorganisms has been classically observed in phytoplankton blooms, and more recently studied at the community level in prokaryotes, but rarely investigated at the scale of individual microbial taxa. Here we test if specific marine eukaryotic phytoplankton, bacterial and archaeal taxa display yearly rhythms at a coastal site impacted by irregular environmental perturbations. Our seven-year study in the Bay of Banyuls (North Western Mediterranean Sea) shows that despite some fluctuating environmental conditions, many microbial taxa displayed significant yearly rhythms. The robust rhythmicity was found in both autotrophs (picoeukaryotes and cyanobacteria) and heterotrophic prokaryotes. Sporadic meteorological events and irregular nutrient supplies did, however, trigger the appearance of less common non-rhythmic taxa. Among the environmental parameters that were measured, the main drivers of rhythmicity were temperature and day length. Seasonal autotrophs may thus be setting the pace for rhythmic heterotrophs. Similar environmental niches may be driving seasonality as well. The observed strong association between Micromonas and SAR11, which both need thiamine precursors for growth, could be a first indication that shared nutritional niches may explain some rhythmic patterns of cooccurrence.
Introduction
Regular and predictable fluctuations of environmental parameters have a great impact on life. Seasonality sets the pace for many reoccurring life events, such as mating or migrations in animals, flowering in plants and blooms in plankton communities [1] [2] [3] . Phytoplanktonic blooms in temperate oceanic areas are a typical example of seasonal events. Several classical theories, from Sverdrup's "Critical Depths Hypothesis" [4] to Behrenfeld's "Dilution-Recoupling Hypothesis" [5] , have attempted to explain the mechanisms triggering bloom formation. However, these theories do not aim to explain the reoccurrence and seasonality of specific microbial taxa. In macroscopic organisms, seasonality results from a fine interplay between external environmental factors and the internal circadian clock, which is an endogenous timekeeper [6] . In marine microorganisms, circadian rhythms are less well known and they have been reported only in cyanobacteria and in some eukaryotic microalgae [7] [8] [9] [10] . However, the effect of environmental forcing on the seasonality of entire bacterial communities has been studied more extensively and reoccurring microbial communities are often observed responding to environmental changes [11] [12] [13] [14] [15] .
Oceans are fluctuating habitats that are often marked by a strong seasonality. These regular environmental changes allow for an overall high microbial community diversity, since the environment can accommodate different species in the same space, but at different times of the year [16] . Within a year, diversity also varies locally with peaks observed in winter at high latitudes [15, 17] and community composition changes with seasons. Seasonal cycles in abiotic and/or biotic factors drive these community changes [18, 19] . To understand the seasonality of marine microbial communities, several long term sampling sites have been established within the last couple decades leading to some important findings on the seasonality of major microbial groups in the surface of the ocean [14, [20] [21] [22] [23] and the reoccurring patterns of microbial community composition [12, 24] .
Most of earlier studies focused on bacteria and there are only few reports on the seasonality of the other domains of life. For marine archaea, it has been shown that both rare and abundant members of the community were re-occurring seasonally and that different ecotypes of archaea had different seasonal patterns [20, 25] . For phytoplankton, evidence for global patterns of temporal dynamics were obtained by compiling seasonal data of chlorophyll a concentrations [26] . Molecular techniques also revealed that microbial eukaryote assemblages displayed seasonality patterns in surface marine waters [27, 28] , but interestingly not always in the deeper ocean [28] . Reports on the seasonality of archaea and eukaryotes are scarce, but there are even fewer time series studies covering simultaneously the three domains of life. Steele et al. [29] identified the microorganisms that co-occurred during a 3-year study at the SPOT station (Southern California, USA). At the same site, a 21-day study of the dynamics of phytoplankton, archaea and bacteria revealed a rapid succession of microbial species during a bloom [30] , which highlighted the importance of taking into account microbial interactions when studying the seasonality of marine microbial communities. However, long-term surveys of the annual dynamics and succession of photosynthetic picoeukaryotes, bacteria and archaea are currently lacking. Moreover, most time series have covered open ocean sampling sites and there are very few studies dealing with the long term monitoring of microbial communities at coastal sites. In the Mediterranean Sea, coastal environments are characterized by quite variable conditions caused by land to sea transfer of nutrients, organic matter and pollutants through seasonal river discharge during periods of strong precipitations. In such fluctuating environments, predictable patterns of reoccurring microbial communities would be less likely.
The main objective of this study was to test if the eukaryotic phytoplankton, bacteria and archaea communities demonstrated significant patterns of rhythmicity at a coastal site. We conducted a 7-year survey of the taxonomic diversity of microbial plankton community at the Banyuls Bay microbial observatory (SOLA) in the North Western Mediterranean Sea, and investigated the environmental factors that could contribute to microbial seasonality. We also used statistical tools to quantify the rhythmicity of the picoplankton and to detect patterns of co-occurrence between eukaryotic picophytoplankton (less than 3 µm), bacteria and archaea.
Materials and methods

Environmental sampling
Surface seawater (3 m depth) was collected roughly every 2 weeks from October 2007 to January 2015 at the Service d'Observation du Laboratoire Arago (SOLA) sampling station (42°31′N, 03°11′E) in the Bay of Banyuls-sur-Mer, North Western Mediterranean Sea, France. Seawater was collected in 10 l Niskin bottles and then kept in 10 l carboys until arrival to the laboratory within one hour. A subsample of 5 l was prefiltered through 3 μm pore-size polycarbonate filters (Merck-Millipore, Darmstadt, Germany), and the microbial biomass was collected on 0.22 μm pore-size GV Sterivex cartridges (Merck-Millipore) and stored at -80°C until nucleic acid extraction.
For cytometry, unfiltered seawater samples were fixed at a final concentration of 1% glutaraldehyde, incubated for 15 min at ambient temperature in the dark, frozen in liquid nitrogen and stored at −80°C. Cytometry analyses were performed on a Becton Dickinson FacsCalibur. Cells were excited at 488 nm and discriminated by SSC and red fluorescence (measured at 670 nm; chlorophyll content). Orange fluorescence (measured at 585 ± 21 nm), produced by phycoerythrin, was used to discriminate Synechococcus from Prochloroccocus populations [15] .
The physicochemical (temperature, salinity, nitrite, nitrate, ammonium, phosphate and silicate) and biological (chlorophyll a) parameters were provided by the Service d'Observation en Milieu Littoral (SOMLIT).
DNA extraction, amplification and sequencing
The nucleic acid extraction followed protocols published earlier [25] . Briefly, the Sterivex filters were thawed on ice, followed by addition of lysis buffer (40 nM EDTA, 50 nM Tris, 0.75 M sucrose) and 25 µl of lysozyme (20 mg ml −1 ).
The filters were then incubated on a rotary mixer at 37°C for 45 min. The 8 µl of Proteinase K (20 mg ml
) and 26 µl of sodium dodecyl sulfate (20% v/v) were added before incubating at 55°C for 1 h. Total DNA was extracted and purified with the Qiagen AllPrep kit (Qiagen, Hilden, Germany) following the kit's protocol.
Specific primer pairs were used to target different domains of life. We used primers 515 F (5'-GTGY CAGCMGCCGCGGTA) [31] and NSR951 (5'-TTG GYRAATGCTTTCGC) [32] to amplify the V4 region of 18S rRNA eukaryote gene. Primers 27 F (5'-AGRGTTY GATYMTGGCTCAG) [33] and 519 R (5'-GTNTTAC NGCGGCKGCTG) [34] were used for regions V1-V3 of the bacterial 16S rRNA gene, and finally primers 519 F (5'-CAGCMGCCGCGGTAA) [35] and 1041 R (5'-GG CCATGCACCWCCTCTC) [36] to amplify regions V4-V6 of the archaeal 16S rRNA gene.
As with all primers, there can biases introduced during the amplification steps, either because some taxa can be preferentially amplified, or because of the uneven number of rRNA gene copies between taxa. A known example is the absence of haptophytes when classical 18S rRNA V4 primers are used [37] . Our eukaryote primers do amplify haptophytes, but no primers are perfect, we hope to have reduced primer biases in this study.
Sequencing was carried out with Illumina MiSeq 2 × 300 bp kits by Research and Testing Laboratory (Lubbock, Texas). We noticed that the R2 reads were of lower quality and therefore chose to conduct our analysis with R1 reads only (300 bp). Having a good quality R2 reads would have been more informative. It could have improved taxa differentiation, taxonomic assignation and overall sequence quality. However, we remain confident, considering the length of the R1, that our data are robust. All the sequences were deposited in NCBI under accession number SRP139203.
Sequence analysis
The analysis of the raw sequences was done by following the standard pipeline of the DADA2 package (https:// benjjneb.github.io/dada2/index.html, version 1.6) in "R" (https://cran.r-project.org) with the following parameters: trimLeft = 21, maxN = 0, maxEE = c(5,5), truncQ = 2. Briefly, the package includes the following steps: filtering, dereplication, sample inference, chimera identification, and merging of paired-end reads [38] . DADA2 infers exact amplicon sequence variants (ASVs) from sequencing data, instead of building operational taxonomic units from sequence similarity. In total, we had 159, 160 and 158 samples for the eukaryotic phytoplankton, bacteria and archaea datasets respectively, and an average of ca. 27,000, 29,000 and 16,000 reads per sample respectively. The sequence data were normalized by dividing counts by sample size. This could influence our seasonality analyses, but considering our raw data, we found that the most appropriate transformation was to use proportional abundances [39] . The taxonomy assignments were done with the SILVA v.128 database (https://www.arb-silva.de/ documentation/release-128/) and the "assignTaxonomy" function in DADA2 that implements the RDP naive Bayesian classifier method described in Wang et al. [40] .
For some ASVs, in order to obtain a finer taxonomical resolution, we did an additional BLAST [41] search (blastn, 95% minimum similarity), which results can be found in the column "Blast" of the supplementary table 1. We also did a PR2 [42] assignation for the rhythmic eukaryotic phytoplankton (supplementary table 1 ). In this study, we aimed to focus more specifically on autotrophic picoeukaryotes in order to highlight the co-occurrence patterns and rhythmicity of phototrophs versus heterotrophs. We have therefore selected a subset of the eukaryotic datasets by retaining sequences belonging to the divisions: Chlorophyta, Dinoflagellata (without including Syndiniales, which are parasitic), Ochrophyta and Haptophyta. Here we considered all non-parasitic Dinoflagellata to be photosynthetic, but it should be noted that organisms from this group display a range of metabolisms: phototrophic, mixotrophic and heterotrophic [43] .
Statistics
The Lomb Scargle periodogram (LSP) was used to determine if periodic patterns were present in microbial ASVs. The LSP, based on the Fourier transform, was originally adapted by astrophysicists to detect periodic signals in time series that were unevenly sampled due to limited access to telescopes and varying weather conditions [44, 45] . The LSP was then successfully used in biological studies to determine the periodicity of an unevenly sampled signal [46] . Owing to the robustness of the method and the fact that the sampling effort at SOLA was unevenly spaced, the LSP appeared as the best tool for our study. Computing the peak normalized power (PNmax) of the LSP was accomplished via the "Lomb" package (https://cran.r-project. org/web/packages/lomb/) in the "R" software. ASVs were considered rhythmic when they had a PNmax > 10. The threshold for PNmax is automatically calculated by the package. In summary, the LSP gives both the significance of the rhythmicity and the period of the rhythm. The LSP looks for all possible rhythmic patterns in a signal, regardless of their period. To estimate the time of the year of maximal abundance, we determined for each year and each rhythmic ASV the week of the year with the highest number of sequences. Then we selected, over the entire time series, the week that most often showed highest number of sequences.
The Shannon index, to estimate community diversity, was calculated for each sample and for eukaryotic phytoplankton, bacteria and archaea, respectively, with the function "diversity" from the "Vegan" package in "R" (https://cran.r-project.org/web/packages/vegan/).
Distances between samples were calculated for eukaryotic phytoplankton, bacteria and archaea based on community composition with a canonical correspondence analyses (CCA). Contribution of environmental factors were added as arrows, and their significance was tested with an analysis of variance (ANOVA) from the "Vegan" package in "R".
Patterns of co-occurrences between taxa were measured with the sparse partial least squares (sPLS) regression [47] . The sPLS was used to relate the abundance matrices of eukaryotic phytoplankton against bacteria and archaea with these parameters: ncomp = 3, mode = 'regression', in the "mixOmics" package (https://cran.r-project.org/web/packa ges/mixOmics/) in "R". Relationships between taxa were then visualized by a heatmap with the "CIM" function, from the same package.
Eukaryotic phytoplankton, bacteria and archaea ASV tables containing reference sequences, taxonomy and proportional abundance in the different samples are available as supplementary table 1.
Results
Environmental conditions
Chlorophyll a concentrations showed yearly reoccurring patterns with maxima reaching up to 2.50 µg l −1 during the winter to spring transitions, and minima at 0.04 µg l Eukaryotic phytoplankton, bacteria and archaea community composition
Overall, the datasets yielded 6398, 6242 and 918 ASVs for the eukaryotic phytoplankton, bacterial and archaeal communities respectively. Within the eukaryotes, 1801 ASVs corresponded to autotrophs (eukaryotic phytoplankton). The Shannon index showed similar patterns of diversity for autotrophic eukaryotes, bacteria and archaea, with higher values at the beginning and the end of winter, and lower values during late summer ( Supplementary Fig. 1 ). Bacterial communities had, on average, the highest diversity, followed by eukaryotic phytoplankton and then archaeal communities. Canonical correspondence analyses (CCA) were performed on the eukaryotic phytoplankton, bacteria and archaea datasets to investigate the relationships between community composition and measured environmental variables (Fig. 2a-c) . The communities showed a strong seasonal pattern but the environmental parameters that we measured explained only 7, 12 and 14% of the variance for the eukaryotic phytoplankton, bacteria and archaea communities respectively (Supplementary Table 2 ). The main explaining factors were temperature (T), day length (DL) for the three datasets, and also Nitrate (NO 3 ) and Salinity (S) for bacteria (ANOVA, p = 0.001). Temperature and day length explained close to half of the total variance for eukaryotic phytoplankton, bacteria and archaea (Supplementary Table 2 ). The eukaryotic phytoplankton communities grouped together according to the month of sampling. The communities showed more divergence on the CCA plots during the months of April and May, whereas they were grouped during the other months (Fig. 2a) . Bacterial communities showed a similar seasonal structure with higher separation between samples from March to June (Fig. 2b) . Finally, the archaea had a comparable structure of monthly successions, but with highest variability between samples from July to October (Fig. 2c) .
From 2007 to 2015, at the division level, the photosynthetic picoeukaryote community was composed of Dinoflagellata, Chlorophyta, Ochrophyta and Haptophyta (44.01% of the sequences, 29.45, 13.23, 13.31% respectively) (Supplementary Fig. 2 ). Dinoflagellata were dominated by Dinophyceae (99.19% of the sequences) and Chlorophyta by Mamiellophyceae (94.36%). Within Mamiellophyceae, three main genera were found, Micromonas, Bathycoccus and Ostreococcus (64.59, 31.89 and 3.49%, respectively) ( Supplementary Fig. 2 ). Bacteria ( Supplementary Fig. 3 ) were dominated by the phyla Proteobacteria (76.74%) and Cyanobacteria (12.12%). The main contributors of the Proteobacteria were Alphaproteobacteria (89.79%, mainly SAR11) and Gammaproteobacteria (9.93%). Synechococcus ASVs represented 95.8% of Cyanobacteria sequences. Finally, archaea were divided between the Thaumarchaeota (64.36%) and the Euryarchaeota (35.07%) ( Supplementary Fig. 4) .
Rhythmicity of the environmental and biological compartments
In order to test if environmental factors and microbial taxa had significant rhythmic patterns during the 7-year time series, the Lomb Scargle periodogram (LSP) algorithm was applied to the eukaryotic phytoplankton, bacteria, archaea and environmental datasets. The most rhythmic environmental parameters were day length and temperature with a PNmax score of 60.00 and 55.67 respectively. Other rhythmic factors were NO 2 , NO 3 , chlorophyll a and NH 4 but with lower PNmax scores of 37.17, 24.27, 21.37 and 13.44, respectively. SIOH 4 , PO 4 and salinity had PNmax scores that did not cross the statistical threshold to be considered rhythmic (PNmax scores of 9.95, 7.03 and 5.45, respectively). A total of 15 picoeukaryote, 89 bacteria and 31 archaea ASVs had significant patterns of rhythmicity. The rhythmic ASVs and environmental factors all had a period of one year. Theses rhythmic microbial ASVs were selected for further detailed analysis.
Timing of yearly reoccurrences and relative abundance of rhythmic ASVs
Among the 135 ASVs (Fig. 3, Supplementary Table 3 ) that showed significant reoccurrences throughout the year, different domains displayed different patterns. Bacterial rhythmic ASVs showed phases of maximal abundance that spread throughout the year, whereas eukaryotic On average 30.5% of the eukaryotic phytoplankton sequences were rhythmic but the proportion varied throughout the year. Rhythmic ASVs represented up to 96% of the sequences in January and as low as 2.5% of the sequences in July (Fig. 4b) . All classes followed a similar pattern with high levels (50 to 60% of total sequences) from mid-Autumn to mid-Spring (October to April) and lower levels (less than 15% of total sequences) during the rest of the year. The lowest number of rhythmic sequences were seen during the summer months (Fig. 4b) . Flow cytometry showed that picoeukaryotes had low abundances during the summer months and high abundances during winter months (Fig. 5 ).
At the eukaryotic class level, (Fig. 4a) , the Mamiellophyceae rhythmic ASVs were found mostly from the end of November to the end of March. The Dinophyceae rhythmic ASVs had peaks of abundances year-round. The Dictyochophyceae rhythmic ASV was only abundant at the beginning of February. Within Mamiellophyceae, the Bathycoccus prasinos ASV peaked around the middle of February (7 th week of the year) ( Fig. 4c ) with a distribution going from January to April (Fig. 4d) . Micromonas commoda was recurrent from December to the end of March (Fig. 4c) and distributed from February to April (Fig. 4d) . Micromonas sp.1 ASV was more present at the end of November (Fig. 4c) with a distribution from November to February (Fig. 4d) . Micromonas bravo, however, had ASVs peaks from December to February (Fig. 4c ) and was present from October to April (Fig. 4d) .
Rhythmic bacterial ASVs were present throughout the year (Fig. 6a) , and represented in average 31.3% of the sequences, with variations from 18 to 45.7% of the sequences (Fig. 6b) . The contributors to the rhythmic ASVs were Acidimicrobiia, Alphaproteobacteria, Betaproteobacteria, Cyanobacteria, Flavobacteria, Gammaproteobacteria, SAR202 and candidate Proteobacteria SPOTSOCT00m83 (Fig. 6a, b) .
The different rhythmic bacterial classes showed different types of patterns. The Acidimicrobiia, Gammaproteobacteria, SAR202 and candidate Proteobacteria SPOTSOCT00m83 showed high numbers from October to April and were almost absent during the summer months (Fig. 6b) . They displayed similar reoccurrence patterns as well, mainly from December to February (Fig. 6a) . Cyanobacteria rhythmic ASVs demonstrated an opposite pattern, with high levels during the warm summer and autumn months (March to October) and low levels the rest of the year (Fig. 6b) . Cytometry data showed the same seasonal pattern in terms of cell abundance (Fig. 5 ). Flavobacteria had similar patterns as cyanobacteria. However, their reoccurrence patterns were different. Rhythmic Cyanobacteria ASVs reoccurred from the end of March to October, whereas Flavobacteria ASVs had two periods of maximal reoccurrence, one from March to July and another during December (Fig. 6a) . Betaproteobacteria ASVs were more abundant from January to May and were absent the rest of the year (Fig. 6b) , and were only recurrent at the end of February (Fig. 6a) . Alphaproteobacteria rhythmic ASVs displayed similar sequence numbers throughout the year, accounting for half of the rhythmic ASVs sequence numbers (15%) (Fig. 6b) . Similarly, the Alphaproteobacteria ASVs reoccurrences covered the whole year except for March (Fig. 6a) .
Amongst the rhythmic Alphaproteobacteria, a majority of ASVs belonged to SAR11. All sub-groups of SAR11 (SAR11Ia, SAR11Ib, SAR11Ic, SAR11IIa, SAR11IIIa and SAR11IV) had high numbers of rhythmic ASVs from September to the end of February (Supplementary Fig. 5A ). These groups also showed higher number of sequences during winter months ( Supplementary Fig. 5B ), except for SAR11IIIa which had higher sequence abundance from June to November (Supplementary Fig. 5B ).
Finally, archaeal rhythmic ASVs had maximum occurrences from the end of August to March, both for Euryarchaeota and Thaumarchaeota (Fig. 6c) . Rhythmic ASVs dominated the dataset as they represented an average of 74.6% of total sequence numbers, ranging from 47.3 to 89.2% (Fig. 6d) . Within the Euryarchaeota phylum, rhythmic ASVs of Marine group II (MGII) and Marine group III (MGIII) were found. Rhythmic MGII ASVs showed reoccurrence patterns from September to March (Fig. 6c) and highest relative sequence numbers from July to October (Fig. 6d) . MGIII rhythmic ASVs had a more restrained occurrence, from end of November to beginning of December (Fig. 6c) and were less present in relative abundance (Fig. 6d) . The Thaumarchaeota rhythmic ASVs displayed high levels of presence throughout the year with the exception of the months of September. The months preceding and succeeding September showed a steady decrease and increase of relative sequence number, respectively (Fig. 6d) . Thaumarchaeota had high occurrences all year, except from March to May (Fig. 6c) .
We also observed a large number of ASVs that were not rhythmic and thus had peaks of abundance at different moments from year to year. Non-rhythmic ASVs had different patterns of seasonal dynamics. Some ASVs, like the Gymnodiniphycidae ASV00020, were absent from most of the samples but shows sudden and irregular peaks of abundance ( Supplementary Fig. 6 ). Other, like the Gymnodiniphycidae ASV00036, were more frequent and had irregular peaks of sequence abundance that co-occurred with irregular environmental events such as freshening sea surface waters and increased nitrate concentrations (Supplementary Fig. 6 ).
Co-occurrence at the ASV level
To determine co-occurrences, heatmaps were created with the rhythmic ASVs after calculating Sparse Partial Least Squares (sPLS) regressions for one dataset against the other (bacteria vs. picoeukaryote, bacteria vs. archaea and archaea vs. picoeukaryote). For bacteria vs. picoeukaryotes (Fig. 7a) , the highest correlation scores (>0.6) were between Micromonas sp.1 (ASV 00013) and a SAR11 sequence (ASV 00054) as well as 3 Rhodospirillaceae (ASV 00020, ASV 00112 and ASV 00266). A Dinophyceae (ASV 00011) also had a high correlation (0.55) with the same Alphaproteobacteria ASVs. Other high correlations were found between Bathycoccus prasinos and Alpha-and Gammaproteobacteria. Micromonas bravo (ASV 00002) also had high correlations with an Alphaproetobacteria (ASV 00112). A Dinophyceae ASV (ASV00053) displayed a specific high correlation with a group of bacteria that were not correlated to other eukaryotic phytoplankton. This is probably due to the fact that Dinophyceae is the only rhythmic picoeukaryote to peak in summer (Fig. 4a) .
The archaea vs. picoeukaryote heatmap revealed high correlation ( > 0.5) between Bathycoccus prasinos and MGII ASVs (ASV 00050 and ASV 00008). Micromonas bravo (ASV 00040) showed a similar trend. On the other hand, Micromonas commada (ASV 00084) had high correlations ( > 0.5) with MGIII ASVs (ASV 00012 and ASV 00028). As with the bacteria dataset, the Dinophyceae, ASV 00053, displayed high correlations when all other eukaryotic phytoplankton ASVs had low correlations (Fig. 7b) . In the bacteria vs. archaea heatmap the main cooccurrences were observed between a Thaumarchaeota ASV and a Gammaproteobacteria ASV, as well as between a MGII and Alphaproteobacteria ASV ( Supplementary  Fig. 7 ).
Discussion
Our 7-year survey in the NW Mediterranean Sea showed that within all domains of life some taxa showed significant patterns of rhythmicity with a one year period. The number of rhythmic taxa differed between domains. Phototrophic picoeukaryotes had 1% of rhythmic ASVs, bacteria 3.1 % and archaea 3.4%, but these ASVs represented a large proportion of the total number of sequences (31.3, 31.6 and 75.5%, respectively). The large proportion of rhythmic sequences supports the idea of microbial communities that come back year after year at the same season. The concept of re-occurring communities has been demonstrated in several long term studies [14, 20, 24] but coastal observations are quite scarce [48] . The Banyuls Bay is a coastal site with seasonal characteristics specific to the NW Mediterranean. It has a marked seasonality but interestingly it is also characterized by strong and ephemeral inputs of nutrients brought from sediment mixing during episodic winter storms and during flash floods from incoming rivers [49] . Nutrients are known to strongly structure communities by promoting planktonic blooms and by stimulating the growth of certain microbes [12, 50] . However, despite irregular nutrient supply from year to year, as illustrated by salinity and phosphate variations during winter and spring (Fig. 1) , we could still observe a large number of rhythmic eukaryotic phytoplankton, bacteria and archaea sequences. The CCA analysis (Fig. 2) confirmed that day length and temperature were major factors structuring the communities and we can suppose that they directly or indirectly control the dynamics of the rhythmic taxa.
Day length has been shown to be a strong driver of community structure in temperate and polar marine environments such as the English Channel [14] , or a high-Arctic fjord [50] . Temperature is another strong driver as it can affect gene expression and subsequently the structure and the function of the microbial communities [51] . The availability of nutrients has also been shown to be an important factor in community composition as demonstrated in the BATS time series in the Atlantic Ocean [3] . Our data from the Banyuls Bay shows that in a coastal ecosystem, environmental parameters like temperature and day length have such a structuring effect that sporadic meteorological events do not appear to impact the overall microbial rhythms of reoccurring dominant groups of eukaryotic phytoplankton, bacteria and archaea. However, even though rhythmic ASVs could be predominately influenced by day length and temperature, we observed non-rhythmic ASVs, which were influenced by irregular environmental factors. For example, the dynamics of the Gymnodiniphycidae ASV00036 was associated to the irregular peaks of nitrate concentration ( Supplementary Fig. 6 ).
The importance of day length in driving the rhythm of individual microorganisms brings the question whether seasonality is driven by circadian clocks in marine microbes. The presence of a functional circadian clock governing day/night biological processes bas been demonstrated in the mamiellophyceae Ostreococcus [8, 52] , however, the existence of a photoperiod dependent regulation of blooms remains to be established formally in this order. In diatoms from northern Norwegian coastal waters, it has been reported that the timing of the spring bloom varies little from year to year whether water stratification had occurred or not [53] . The authors hypothesized that the photoperiod was the major factor that relieved diatoms resting spores from dormancy, leading to seasonal blooms. However, the internal mechanisms triggering these rhythms remain unknown since the presence of circadian clocks remain to be shown in diatoms. Amongst the prokaryotes, cyanobacteria are the only known group to have a genuine circadian clock [7] and the occurrence of circadian clock remain to be established in heterotrophic bacteria and archaea. The rhythmicity of some heterotrophic microorganisms could thus be governed directly by day length or indirectly through interactions with the rhythmic autotrophs. Interestingly, altogether, eukaryotic and prokaryotic autotrophs were present during the entire year, but they showed clear differences in their seasonal dynamics. Picoeukaryotes had highest abundance from autumn to spring, and cyanobacteria during the summer. We observed a large number of rhythmic ASV sequences, which were mainly seen within abundant members of the communities. The eukaryotic phytoplankton were represented primarily by Mamiellophyceae and Dinophyceae, which have important ecological roles as primary producers and as links in the predator/prey food chain [54] . Among prokaryotic rhythmic ASVs, there were many representative of the SAR11, known for being the most common group of marine bacteria [23] . Seasonality has been observed for SAR11 and Flavobacteria groups earlier [15, 55] . Rhythmic archaea were found in MGII, MGIII and Thaumarchaeota, which have already been shown to have reoccurring yearly patterns [20, 25] . The dominance of abundant groups within rhythmic ASVs raises the question as whether our analysis underestimated the rhythmicity of less abundant ASVs. It should be noted, however, that some rare ASVs, with occurrences of 0.034, 0.009 and 0.115% respectively for the eukaryotic phytoplankton, bacteria and archaea dataset, were also found to be rhythmic. In agreement with our observations, Alonso-Sáez et al. [55] recently showed that, also in a coastal system, both rare and abundant bacterial species had patterns of rhythmicity in the Atlantic Ocean [55] and that many species that remained rare all year long also showed significant patterns of rhythmicity. Rhythmicity of marine microbes, at the ASV level, remains to be verified in other sites as there have been only few studies conducted at this level of resolution. While the re-occurrence of entire communities is now well documented [13, 14, 24] , the long-term monitoring of individual taxa is not common [12, 21] and the use of statistics to test patterns of ASV rhythmicity is even less frequent.
There have been very few studies looking at the temporal dynamics across the three domains of life in marine microbial ecosystems. One of the first long term study covering the three domains did not focus on the rhythm of the individual taxa but rather looked at co-occurrence networks [29] . They showed that correlations between microbes were more prevalent than correlations between microbes and environmental factors. This is probably due to the stability of the deep chlorophyll maximum at their study site [29] . More recently, Needham and Fuhrman looked at the succession of phytoplankton, archaea and bacteria, but only during 6 months [30] . Another study in the same ecosystem, relying on automated sampling, showed daily and highly dynamic population variations in the three domains of life, and extensively described the biological interactions that took place during the sampling period [56] . A study looking at bacterioplankton diversity and phytoplankton microscopy counts, has shown that despite interannual variations in phytoplankton blooms, bacterioplankton microdiversity patterns seem stable in both bloom and non-bloom conditions [57] . The present dataset showed high co-occurrence between some eukaryotic phytoplankton and prokaryotes ASVs. The most significant correlations were found between Mamiellophyceae and the alphaproteobacteria SAR11. This co-occurrence could be explained by the fact that Micromonas and SAR11 might interact by exchanging compounds such as vitamins, growth factors and organic carbon [58, 59] . However, SAR11 was recently shown to be auxotrophic to the thiamine precursor 4-amino-5-hydroxymethyl-2-methyl pyrimidine [60] , thus resulting in similar needs as Micromonas for thiamin precursors [61] . The co-occurrence of these two microbes therefore may be explained by their requirement for similar nutritional niches rather than by a relationship of interdependency depending on environmental factors.
In conclusion, through the analysis of our time series we demonstrated that a large proportion of members of eukaryotic phytoplankton, bacteria and archaea datasets, showed rhythmicity with a one year period of reoccurrence over then entire time series. The main drivers of seasonality were photoperiod and temperature. Sporadic meteorological events and irregular nutrient supply characteristic of our coastal site did not affect significantly the seasonality, indicating that the yearly rhythms were robust. Rhythmicity was found in both autotrophs (picoeukaryotes and cyanobacteria) and heterotrophic prokaryotes. Seasonal autotrophs, which respond to light, may be setting the pace for rhythmic heterotrophs but similar environmental niches may be driving seasonality as well.
